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We used a new concept of tip preparation for magnetic force microscopy (MFM) proposed recently 
based on coating electron beam deposited carbon needles with appropriate magnetic thin film 
materials. In combining the advantages of electron beam fabricated needles with those of already 
widely used thin film tips, high resolution MFM tips can be prepared routinely and reproducibly on 
all type of cantilevers. Due to the fabrication procedure, which is described in detail, the effective 
magnetic tip volume is formed by a homogeneous, magnetically isolated, high aspect ratio thin film 
element favoring a single domain tip behavior. To reinforce the inherent shape anisotropy an 
additional uniaxial anisotropy is induced along the tip axis by applying an external field during the 
deposition of the ferromagnetic alloy, Because of the parallel side walls and the rounded tip end, 
most of the stray field will emanate from the apex region, resulting in a high field density and only 
little influence on the magnetization within the sample of interest. By using a material with high 
saturation magnetization, the thickness of the magnetic Iayer can be drastically reduced, leading to 
an increased resolution. To demonstrate the potential of the new concept various MFM observations 
on different types of materials for magnetic storage technology have been performed without 
changing the presented basic preparation parameters. 
I. INTRODUCTION II. EXPERIMENT 
Among the rapidly growing family of scanning probe 
microscopes (SPM) evolving out of the invention of the 
scanning tunneling microscopy (STM)’ and the atomic force 
microscope (AFM),2 magnetic force microscopy (MFM), 
first demonstrated by Martin et a1.,3 was one of the first tech- 
niques used for the characterization of technologically rel- 
evant materials, e.g., magnetic recording media. The poten- 
tial of MFM to investigate written bit patterns in a submicron 
scale has been demonstrated on a number of materials under 
ambient conditions and with minimal or no sample prepara- 
tion (for recent reviews see Refs. 4-7). In magnetic force 
microscopy the probe is formed by a small ferromagnetic tip 
mounted on a cantilever. While scanning above the sample’s 
surface the forces (or force gradients) acting on the tip due to 
the stray field emanating from the sample are detected. As 
the resulting map of the stray field distribution is only indi- 
rectly related to the magnetization within the sample, it is 
necessary to simulate the MFM response assuming reason- 
able micromagnetic models for the magnetization distribu- 
tions within the sample. This is not straightforward, however, 
because other effects like surface topography, always visible 
in scanning force microscopy,4 the unknown magnetic state 
of the tip,8 and the influence of the magnetic tip on the mag- 
netization within the sample’ may influence the observed 
picture in an unpredictable manner. In special cases, where 
the magnetization distribution of the sample can be described 
by simple models and the influence of surface topography 
can be neglected due to either very smooth surfaces or spe- 
cial topography subtraction techniques,” reasonable agree- 
ment between calculated and measured MFM response sig- 
nals has been achieved assuming magnetically “hard” 
samples, mostly true for written bit structures in thin film 
recording media. 
A. Nlagnetic force microscope 
The principal setup of our MFM is described in detail 
elsewhere.” We are usually working in the “dynamic,” i.e., 
constant force gradient mode, where the cantilever with the 
magnetic tip is oscillating in the z direction with a fixed 
amplitude of 25-30 nm on its resonance frequency while 
scanning in the x-y direction a certain distance over the 
sample. The position of the cantilever is detected by a Mich- 
elson type of interferometer. Due to the interactions of the 
magnetic tip with the stray fields of the sample the effective 
spring constant of the cantilever is changed leading to a shift 
in its resonance frequency.3>12 Using FM detectionI the shift 
is fed back to the z position of the sample to keep the inter- 
action constant and recorded to form an image. The resulting 
images thus display a surface of constant force gradient 
above the sample. 
B. Tip preparation 
As in other scanning probe techniques, one of the most 
crucial parts in a magnetic force microscopy is the force 
sensor, i.e., the usually unknown magnetic behavior of the 
ferromagnetic tip. Whereas in the beginning for MFM 
mostly etched ferromagnetic3 or magnetically coated tung- 
sten wires’ have been used, nowadays batch fabricated, mi- 
cromachined cantilevers coated with magnetic thin films are 
commercially available.14 Recently, a combination between 
thin film and electron beam fabricated tips has been proposed 
to achieve very high resolution in MFM.” Electron beam 
induced deposition (EBID) of carbonous or metallic materi- 
als out of a vapor of organic or metal-organic components in 
commercial scanning electron microscopes is well known in 
microelectronics.‘6-19 The advantages of high aspect ratio 
needles grown by EBID on top of STM2’ and AFM2’ tips 
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have been demonstrated when imaging structured surfaces in 
order to minimize convolution effects between tip and 
sample. 
Our FM-detection scheme is optimized within a fre- 
quency range of 4-5 kHz using etched tungsten wire canti- 
levers. The wire has a thickness of 10 pm and a length of 
about 1 mm. The end is bent and etched with a solution of 
KOH to form a sharp tip. The etching process is the most 
critical part of the preparation and a lot of work has been 
done in the past to make well defined MFM tips in a repro- 
ducible way.22 In this paper a variation of the method pro- 
posed in Ref. 15 is used for tip preparation by growing well 
defined sharp needles with the EBID technique on top of the 
end of the etched tungsten wires. By covering one side wall 
of the needles with a magnetic layer, an effective magnetic 
shape can be achieved which offers many advantages com- 
pared to tips used so far. It has been confirmed experimen- 
tally than the deposition is possible on all types of cantile- 
vers (see also Refs. 20 and 23) without changing the basic 
features presented here, although only MFM measurements 
obtained with needles deposited on etched tungsten wires 
will be presented in the following due to the mentioned ex- 
perimental restrictions. 
beam current: 110 PA 
An ISI M7 scanning electron microscope (SEM) was 
used in spot mode to grow carbon “contamination” needles 
on top of the etched tungsten tips. In most cases the back- 
ground pressure of organic components in the microscope 
vacuum chamber was sufficient to achieve adequate growing 
rates. For higher deposition rates additional material was 
supplied by a droplet of oil close to the sample. Usually the 
smallest spot size, 15 kV acceleration voltage, and a magni- 
fication of 40 000X was chosen during growing. Figure l(a) 
shows a series of needles deposited on a tungsten wire with a 
beam emission current of 110 PA at different dwelling times 
for the electron beam. After a nucleation period the growing 
is observed to be first linear and ends up into saturation for 
longer needles [Fig. l(b)]. This is similar to observations 
reported in Refs. 18 and 20. Decreasing the emission current 
leads to a decrease in growing rate. The average shaft diam- 
eter of the needles was about 150 nm and the length was up 
to 1.5-2 pm, leading to aspect ratios of 10-13. High reso- 
lution images of the tip end show typical apex radii of about 
30 nm (Fig. 2). 
dwelling time [s] - 
FIG. 1. Series of needles grown at 15 kV acceleration voltage, 110 /LA beam 
emission current with different dwelling times [(a), bar length: 500 nm]. The 
growth seems to be linear at the beginning, reaching a saturation for longer 
exposure times (b). Decreasing the beam current leads to a decrease in the 
growing rate. 
reinforcing the inherent shape anisotropy of the elongated, 
high aspect ratio needle. 
III. RESULTS 
By using a special cantilever support it was possible to 
choose the growth orientation of the needle in the SEM to be 
exactly parallel to the z axis when transferred to the mag- 
netic force microscope (Fig. 3). In this way uncertainties in 
the tip orientation usually hardly to overcome in bent wire 
cantilevers can be excluded in situ. The whole cantilever is 
covered afterwards from one side with a CoSONi2e thin film 
in a standard evaporation apparatus. The nominal layer thick- 
ness is chosen to be 20 nm on a thickness monitor close to 
the sample. If the needle is grown slightly off center with 
respect to the tungsten tip, the latter can be used within a 
self-aligning process in order to form an isolated magnetic 
layer on the needle due to the shadowing effect (Fig. 3). An 
external field Z-Z,,, of about 0.4 T was applied along the tip 
axis during the evaporation of the ferromagnetic alloy to 
induce an additional anisotropy within the thin film element, 
With the now routinely prepared electron beam fabri- 
cated tips, MFM measurements were performed on a number 
of different materials used in magneto-optic and magnetic 
recording technology. 
A. Multilayer for magneto-optic recording 
Domain observations on written bit structures in 
magneto-optical (MO) recording media were one of the first 
applications of MFM.24 Figure 4 shows an example of a 
single bit written in a (Co/Et), multilayer MO disk (dc,=0.3 
nm, d,,=l.O nm, 12 =18). Remarkably small details within 
the domain boundary and very sharp transitions are ob- 
served. Individual linescans reveal details smaller than 20 
nm. The double contrast at the domain boundaries correlates 
with theoretical predictions assuming a single pole magnetic 
tip magnetized perpendicular to the sample.25 
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FIG. 2. High resolution image of the end of a carbon needle grown by 
electron beam induced deposition @BID) technique (bar length: 200 nm). 
The estimated apex radius is about 30 nm. 
6. Perpendicular recording media 
Another example are domains in media for perpendicu- 
lar recording. In Fig. 5(a) the edge of a written bit track in a 
CoCrTa disk with perpendicular anisotropy is shown. After 
pre-erasing, several tracks are written with different densities 
using an experimental single pole head. Tracks with 300 kfpi 
(kilo flux reveals per inch), corresponding to a width of in- 
dividual bits of about 80 nm, are visible in MFM. The pic- 
focused electron beam 
etched tungsten wire 
FIG. 3. Preparation of EBID needles for magnetic force microscopy on a 
bent tungsten wire cantilever. If the carbon needle is grown slightly off 
center with respect to the tungsten tip, the shadowing effect of the tungsten 
tip during the sidelong evaporation can be used to form a magnetically 
isolated thin film element on the needle (bar length: 500 nm). 
FIG. 4. Magneto-optically written bit structure in a WPt multilayer disk. 
No splitting of the bit info a multidomain state is found and remarkably 
small details within the curved domain boundary are resolved (image size: 
0.7X0.7 pm). 
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FIG. 5. The edge of a track written with 300 kfpi in a CoCrTa disk for 
perpendicular recording [(a), image size: 1.6X1.6 pm]. An averaged scan 
along the track [lower half in (a)] clearly shows a sinusoidal variation (b). 
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FIG. 6. Tracks written with different densities in a commercial CoPt thin 
film disk (image size: 20X20 pm). For larger bit sizes no contribution of the 
in-plane components of the stray field is visible within the domains (note the 
strong influence of surface topography in this sample). 
ture, however, reveals that the individual bits are already 
decayed in smaller structures which are comparable in size to 
the remnant domain structure visible outside of the track. As 
the MFM images reveal information on the stray field above 
the sample, it is possible to estimate roughly the signal ac- 
cumulated in a recording head flying above the sample’s sur- 
face by an averaged scan of the MFM data along the track. 
This is shown in Fig. 5(b), clearly demonstrating a pro- 
nounced sinusoidal variation. 
C. Longitudinal recording media 
Most of the work done with MFM up to now was con- 
cerned with the characterization of written bit patterns in 
longitudinal recording media.532”*27 Here MFM proved to be 
able to give new insights in the magnetic behavior of the 
material in a submicron scale. The origin of noise in the 
reading process due to irregularities in the transition region 
between the bits, the overwriting behavior of the media, and 
errors due to positioning problems of the recording heads 
have been investigated so far. As an example, written tracks 
with different densities are imaged in a commercial CoPt 
thin film disk (Fig. 6). Rvo high density (25 kfpi) tracks are 
shown separated by a lower density (5 kfpi) pattern. For 
large bit sizes (e.g., low densities) only the stray field ema- 
nating at the transition regions between the individual bits is 
visible, whereas no contrast within the homogeneously mag- 
netized areas is observed. This can be correlated to theoreti- 
cal estimations’ assuming a single pole tip with the magne- 
tization along the tip axis and the tip axis oriented 
perpendicular to the sample, thus probing only the z compo- 
nent of the stray field. 
D. Soft magnetic materials 
Like for other techniques used in imaging magnetic fea- 
tures, it was a challenge also for MFM to test the resolution 
limits on domain walls in soft magnetic materiais9”4*28 as 
distance [pm] - 
FIG. 7. MFM observation of a transition (Bloch line) within a 180” wall in 
a Permalloy/Fe thin film (film thickness: 270 nm). The sign of the asym- 
metric contrast on both sides of the transition is reversed, shown by aver- 
aged scans [(l), (2)] across the two different wall segments. The origin of 
the structures pointing out of the transition region perpendicular to the wall 
are not yet understood (image size: 3.5X3.5 pm). 
they are isolated micromagnetic structures with a nowadays 
well known internal magnetization configuration.29’30 Since it 
has been demonstrated experimentally’ and theoretically31932 
that walls in soft magnetic materials may be strongly 
affected by the MFM tip scanning above the sample, we 
found it worthwhile to characterize the influence of our mag- 
netic tip on the structure to be observed. We used a 
Permalloy/iron multilayer sample where the typical basic do- 
main wall and wall transition configurations are well known 
from magneto-optical Kerr effect observations.“” All the do- 
main boundaries typically observed by MFM in this material 
are found to reveal a slightly asymmetric double contrast. 
This is shown in Fig. 7 by two averaged scans [(l), (2)] 
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across two segments of a 180” wall on both sides of a tran- 
sition (Bioch line) within the wall. Note that the transition is 
clearly visible due to a change in the main wall contrast, 
indicating both attractive (white) and repulsive (black) 
forces. Assuming an asymmetric Bloch wa1l,29 the typical 
180” wall configuration in this type of samples, the observed 
double contrast can be correlated with a single pole tip de- 
tecting mainly the Niel type character of the wall close to the 
surface.32 The distance of the two extremes in the measured 
profiles is determined to be about 300 nm. As this value is 
comparable to the surface wall width of an asymmetric 
Bloch wall in this material obtained by numerical 
simulations,34 we conclude that the influence of our tip on 
the sample is very small or even negligible if we look at 
magnetically harder materials like recording media. 
IV. DISCUSSION 
With the electron beam fabricated magnetic thin film 
tips, MFM observations have been performed on various 
types of materials without changing the basic tip preparation 
parameters. During all the measurements we never found any 
partial switching of the magnetic state of the tip and all pic- 
tures tit very well with theoretical predictions assuming a 
single pole tip behavior. Both may be attributed to a single 
domain state of the effective magnetic volume predicted al- 
ready in Ref. 1.5, but to check the validity of the concept, 
further detailed investigation of the magnetic structure of the 
tips, like the switching behavior in external fields, the inter- 
nal domain structure, or the form of the fringing field at the 
tip apex region, are necessary, 
ACKNOWLEDGMENTS 
The authors would like to thank Dr. D. Weller (IBM, 
Almaden) for the Co/Pt multilayer, Dr. H. Muraoka (Tohoku 
University, Sendai) for the CoCrTa disk, E Obernosterer 
(University Erlangen) for the longitudinal disk and Dr. W. 
Bartsch (Siemens, Erlangen) for the PermalloylFe multilayer. 
The assistance of M. Smithers and B. Otter on the electron 
microscope is greatly appreciated. 
‘G. Binnig and H. Rohrer, Surf. Sci. 1521153, 17 (1985). 
2G. Binng, C. E Quate, and C. Gerber, Phys. Rev. Lett. 56, 930 (1986). 
3Y. Martin and H. K. Wickramasinghe, Appl. Phys. Lett. 50, 1455 (1987). 
4C. Schonenberger and S. E Alvarado, Z. Phys. B 80,373 (1990). 
‘D. Rugar, H. J. Mamin, P. Guenther, S. E. Lambert, J. E. Stern, I. McFay- 
den, and T. Yogi, J. Appl. Phys. 68, 1169 ( 1990). 
‘P. Griitter, H. J. Mamin, and D. Rugar, in Scanning Tunneling Microscopy 
II, Springer Series in Surface Science, Vol. 28, edited by R. Wiesendanger 
and H. J. Giintherodt (Springer, Berlin, 1992), p. 151. 
‘5. Porthun, M. Riihrig, and J. C. Lodder, in Forces in scanning probe 
microscopy, NATO ASI Series E: Applied Sciences, edited by H. .I. 
Giintherodt, D. Anselmetti, and E. Meyer (to be published). 
sP Griitter and R. Allenspach, Geophys. J. Int. (to be published). 
“H. J. Mamin, D. Rugar, J. E. Stem, I. Fontana R. E., and P. Kasiraj, Appl. 
Phys. Lett. 55, 318 (19891. 
“‘C. Schonenberger, S. F. Alvarado, S. F. Lambert, and 1. L. Sanders, J. 
Appl. Phys. 67, 7278 (1990). 
“A. den Beef, Appl. Phys. Len. 55,439 (1989). 
“U Dilrig, J. K. Gimzewski, and D. W. Pohl, Phys. Rev. Lett. 57, 1403 
(b361. 
13T R. Albrecht, P. Griitter, D. Home, and D. Rugar, J. Appl. Phys. 69, 668 
(1991). 
14P. Griitter, D. Rugar, H. J. Mamin, G. Castillo, S. E. Lamben, C.-J. Lin, R. 
M. Valletta, 0. Wolter, T. Bayer, and J. Greschner, Appl. Phys. Lett. 57, 
1820 (lYYO1. 
‘“P B. Fischer, M. S. Wei, and S. Y. Chou, J. Vat. Sci. Technol. B 11, 2570 
(i993). 
IbA. N. Broers, W. W. Molzen, J. J. Cuomo, and N. D. Wittels, Appl. Phys. 
Lett. 29,596 (1976). 
“S. Matsui and M. Katsumi, J. Vat. Sci. Technol. B 4, 299 (1986). 
‘sT Ichihashi and S. Matsui, J. Vat. Sci. Technol. B 6, 1869 (1988). 
“‘H W P Koops, R. Weiel, D. P Kern, and T. H. Baum, J. Vat. Sci. . . 
Technol. B 6, 477 (1988). 
“Y. Akama, E. Nishimura, and A. Sakai, J. Vat. Sci. Technol. A 8, 429 
(19901. 
“T. Fujii, M. Suzuki, M. Miyashita, M. Yamaguchi, T. Onuki, H. Naka- 
mum, T. Matsubara, H. Yamada, and H. Nakayama, J. Vat. Sci. Technol. B 
9, 666 (1991). 
“H. Lemke, T. Goddenhenrich, H. P Bochem, U. Hartmann, and C. Heiden, 
Rev, Sci, Instrum. 61, 2538 (1990). 
zZK. L Lee D W Abraham, E Secord, and L. Landstein, J. Vat. Sci. , . 3 
Technol. B 9,3562 (1991). 
24Y. Martin, C. C. Williams, and H. K. Wickramasinghe, Appl. Phys. Len. 
52,244 11988). 
“J. J. Saenz, N. Garcia, P. Griitter, E. Meyer, H. Heinzelmann, R. Wiesen- 
danger, L. Rosenthaler, H. R. Hibder, and H.-J. Glntherodt, J. Appt. Phys. 
62,4293 (1987). 
“‘IX W. Abraham, C. C. Williams, and H. K. Wickramsinghe, Appl. Phys. 
I.&t. 53, 1446 (1988). 
a7H. J. Mamin, D. Rugar, I. E. Stern, B. D. Terris, and S. E. Lambert, Appl. 
Phys. Lett. 53, 1563 (1988). 
“T. Giiddenhenrich, H. Lemke, U. Hartmann. and C. Heiden, Appl. Phys. 
Mt. 56,2578 (1990). 
“A. Hubert, Phys. Status Solidi 32, 519 (1969). 
‘)A. E. LaBonte, J. Appl. Phys. 40, 2450 (1969). 
a’ M R. Scheinfein, J. Unguris, D. T. Pierce, and R. J. Celotta, J. Appl. Phys. 
67;5932 (19901. 
‘*S. Miiller-Pfeiffer, M. Schneider, and W. Zinn, Phys. Rev. B (to be pub- 
lished). 
‘sA. Hubert and M. Riihrig, J. Appl. Phys. 69, 6072 (1991). 
“K. Rams&k and A. Hubert (private communication]. 
3228 Rev. Sci. Instrum., Vol. 65, No. 10, October 1994 Magnetic force spectroscopy 
Downloaded 12 Oct 2001 to 130.89.34.231. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
